The sporophyte of bryophytes is dependent on the gametophyte for its carbon nutrition. This is especially true of the sporophytes of Polytrichum species, and it was generally thought that sucrose was the main form of sugar for long distance transport in the leptom. In Polytrichum formosum, sucrose was the main soluble sugar of the sporophyte and gametophyte tissues, and the highest concentration (about 230 mM) was found in the haustorium. In contrast, sugars collected from the vaginula apoplast were mainly hexoses, with traces of sucrose and trehalose. p-Chloromercuribenzene sulfonate, a nonpermeant inhibitor of the cell wall invertase, strongly reduced the hexose to sucrose ratio. The highest cell wall invertase activity (pH 4.5) was located in the vaginula, whereas the highest activity of a soluble invertase (pH 7.0) was found in both the vaginula and the haustorium. Glucose uptake was carriermediated but only weakly dependent on the external pH and the transmembrane electrical gradient, in contrast to amino acid uptake (S. Renault, C. Despeghel-Caussin, J.L. Bonnemain, S. Delrot [1989] Plant Physiol 90: 913-920). Furthermore, addition of 5 or 50 mm glucose to the incubation medium induced a marginal depolarization of the transmembrane potential difference of the transfer cells and had no effect on the pH of this medium. Glucose was converted to sucrose after its absorption into the haustorium. These results demonstrate the noncontinuity of sucrose at the gametophyte/sporophyte interface. They suggest that its conversion to glucose and fructose at this interface, and the subsequent reconversion to sucrose after hexose absorption by haustorium cells, mainly governs sugar accumulation in this latter organ.
the presence of chloroplasts throughout the young sporophyte (1) . This dependence varies in importance, depending on the genus, but is dramatic in various species of Polytrichum (in which photosynthesis only balances respiration) (26, 28) .
The study of sugar transport in mosses began in the 1960s. Two major results have been shown: (a) the transport of assimilates is localized in leptoid cells of Polytrichum, with a velocity similar to that in higher plants (9, 10) , and this velocity is markedly reduced to a few millimeters per hour in Funaria hygrometrica, in which conducting tissues are poorly differentiated (4); (b) in Funaria, transfer cells of the haustorium play a key role in sugar absorption (sucrose, glucose) by the sporophyte (3, 4) . Uptake is inhibited by uncouplers (CCCP1), metabolic inhibitors (KCN and NaNO3), and photosynthesis inhibitors (DCMU) (4) .
On the other hand, several important aspects of this subject are still unknown, particularly the kind of sugars present at the gametophyte/sporophyte interface and, consequently, the mechanism of sugar uptake by the haustorium. Therefore, the aim of this research was to identify the sugars of the vaginula apoplast and to study their metabolic fate from gametophyte to sporophyte at the vaginula/haustorium interface and their uptake properties. This work is part of a comparative study of the mechanisms of nutrient exchange between generations in plants.
MATERIALS AND METHODS
In mosses, as in angiosperms, there are no symplastic connections at the interface between the two generations, and the epidermis of the organism emerging from the zygote may be modified into transfer cells. In Polytrichum formosum, as in many mosses, these epidermal transfer cells border the haustorium, i.e. the part of the sporophyte that is embedded in the cavity of the upper part (vaginula) of the gametophyte. It was shown recently that the plasmalemma of epidermal transfer cells of P. formosum haustorium creates a proton motive force much larger than that of other cells of the sporophyte (30) . This proton motive force is used to energize the absorption of amino acids released into the apoplast of the gametophyte (5, 6, 27, 30) . The sporophyte is also dependent on the gametophyte for its carbon nutrition, despite 1815 
Plant Material
Gametophytes and sporophytes (during their development) of Polytrichum formosum were used as the experimental material. Sporophytes were isolated as previously described (30) . The haustorium was placed in a standard medium (0.125 mM CaCl2, 0.125 mM MgCl2, and 0.1 mm KCl). The temperature was 20 ± 10C, and unless otherwise stated, light intensity was 48 umol.m-2 s-' (Sylvania fluorescent tubes). Sporophytes 3.0 ± 0.5 cm long were used. AMmol-CO2 in air) by mosses during 30 min. Carbon partitioning was measured after a 0-, 6-, 24-, and 48-h chase in darkness, in the gametophyte, the haustorium, the seta, and the capsula. Cellular metabolites were extracted by N,Ndimethylformamide. Starch was solubilized by amyloglucosidase (1 h, 450C, pH 4.6). Radioactivity was measured by liquid scintillation counting.
In another set of experiments, 2 1iL of phosphate buffer (pH 8) containing ["4C]Na2CO3 (74 kBq) were placed on 20 gametophyte leaves. After 6 or 12 h, the seta of the sporophyte was cut, frozen, and lyophilized. Sugars were extracted and analyzed by the method described in the following section.
Uptake of Labeled Compounds
Isolated sporophytes were prepared as previously described (30 Polytrichum tissues (250 mg; axis, vaginula, haustorium, and seta) were homogenized in 20 mm citrate and disodium phosphate (pH 6.5) and centrifuged for 20 min at 9000g, and the supernatant (representative of the intracellular compartment) was frozen. The pellet was then incubated for 3 h in the same medium with 1 M NaCl. After centrifugation (20 min at 9000g), the supematant was frozen (this fraction is considered representative of the extracellular compartment, containing cell wall-bound enzymes). All of these procedures (11) were carried out at 4 + 10C. For the determination of invertase activity, 0.1 mL of the enzyme preparation plus 0.9 mL of substrate (0.1 M sucrose or trehalose in a 0.1 M citrate disodium phosphate buffer, pH 4.5 or 7) was incubated at 37 ± 10C (temperature of maximal activity of invertase) for 3 h. 
pH Measurements
One hundred sporophytes of P. formosum were isolated and affixed vertically to the wall of a 50-mL beaker with terostat (inert paste), their haustoria dipping into 10 mL of standard medium (pH 5.0). Experiments were conducted as previously described (30) .
Electrophysiological Measurements
Sporophytes were secured with terostat in a cuvette, containing standard medium buffered at pH 5.0. Electrophysiological measurements were made in a Faraday cage, with the equipment previously described (30) . After 1 h of preincubation, the reference electrode was dipped into the bathing medium, and the glass micropipette was inserted into a transfer cell with a mechanical micromanipulator. 
RESULTS

Endogeneous Sugars in the Vaginula Apoplast
Sugars collected from the vaginula apoplast were primarily hexoses (Table II) , with only traces of sucrose and trehalose. Except for the trehalose, these results are completely opposite to those concerning the soluble sugars of the gametophyte part subjacent to the vaginula and the basal part of the sporophyte (Table I ). The hexose to sucrose ratio was markedly reduced by 1 mm PCMBS, an invertase inhibitor (25) . Sugar efflux into the vaginula apoplast was also inhibited (6.1 nmol equivalent hexoses for control, 3.3 nmol equivalent hexoses for treated tissues). Because PCMBS is a nonpermeant thiol reagent, these data suggest that sucrose hydrolysis takes place, at least in part, in the vaginula apoplast.
Invertase Activity
Cell wall invertase activity (pH 4.5, moderately sensitive to 50 mm Tris) was detected primarily in the vaginula (Fig.  2) . Much lower activities were detected in the axis of the gametophyte and in the seta. This invertase is referred to as an acid invertase; it is widely distributed in various tissues of higher plants (12, 15, 20, 33) and is generally localized in the (13, 20) . a-Mannosidase activity was found in the intracellular fraction, whereas no a-mannosidase activity was detected in the cell wall fraction after 4 h of incubation. This suggests that the cell wall fractions were not contaminated with soluble enzymes. Furthermore, previous results (7) have shown that the cells of the haustorium after transfer were not damaged when the sporophytes were separated from the gametophyte and that the tissues of the vaginula were also undamaged.
Without homogenization of tissues, acid cell wall invertase activity was also detected in the vaginula and the haustorium (8 and 13 Amol g-1 fresh weight.h-1, respectively). This result suggests that the invertase was relatively accessible and, therefore, present in the cell wall of the epidermal transfer cells of the haustorium and in the vaginula epidermal cells.
Soluble invertase activity (optimum pH 7.0, highly sensitive to 50 mm Tris) was detected, in the same way, in the vaginula and the haustorium (Fig. 2) . This invertase activity was low in the gametophyte axis and in the sporophyte seta. This invertase, referred to as a neutral invertase, has been (Table III, compare Tables I and II) . Consequently, this raises some questions about the compartmentalization and function of the soluble invertase in this organ.
Substrate Specificity of the Invertases
Sucrose (a-D-glucopyranosyl-f-D-fructofuranoside) may be hydrolyzed by either a-D-glucosidase or B3-fructosidase. The cleavage is based on the nature of enzymic attack on the sucrose terminal residue (pyranosyl or furanosyl). Among these two kinds of enzymes, ,B-fructosidase is widespread and particularly studied in higher plants (11) . To determine whether invertase in Polytrichum was an a-glucosidase or a fl-fructosidase, we compared the metabolic fate of two substrates, sucrose and trehalose (a-D-glucopyranosyl-a-Dglucopyranosyl).
At pH 4.5, trehalose and sucrose were hydrolyzed in the same way, at least in the vaginula (Fig. 3A) . Therefore, the acid invertase is an a-glucosidase nonspecific for sucrose and could react with sucrose and trehalose. However, in the haustorium, the affinity of the cell wall enzyme appeared to be higher for trehalose than for sucrose. At pH 7, in the vaginula and the haustorium, the two substrates were not hydrolyzed in the same way. Therefore, it seems that a-glucosidase is not the only enzyme to hydrolyze sucrose and trehalose in these tissues (Fig. 3B) . Soluble invertase, at this pH, may be composed of an a-glucosidase and a fl-fructosidase, which could explain the lower percentage recorded for trehalose hydrolysis. On the other hand, at pH 7, the cell wall invertase hydrolyzed 10 to 60 times more trehalose than sucrose. This result suggests the existence of a cell wall trehalase, active at pH 7. Because the apoplastic pH of the haustorium transfer cells was found to be about 4.6 (30) , this enzyme is probably not active in vivo. In P. formosum, trehalose is detected only in very small amounts. This sugar is found mainly in insects, fungi, and algae (16) . However, trehalase has been detected in various higher plants, especially sugarcane (14) , although its substrate is absent. Data from Cuscuta reflexa (32) have shown the toxic effect of trehalose when trehalase activity is low. Higher plants could encounter trehalose during their symbiotic or parasitic association with bacteria, fungi, or insects. Under such conditions, trehalase would serve to relieve the plant from the toxic effects of trehalose (32) . Because there is an increasing number of reports in the literature of microorganisms (fungi, blue-green algae, bacteria) associated with mosses, including Polytrichum (31), the origin of the small amounts of trehalose found in our material is unclear.
Metabolism of Sugars in the Haustorium Tissues
Tris buffer (an inhibitor of invertase activity, see Fig. 2 induced a 36.1% inhibition of sucrose uptake but had a marginal but not significant effect on glucose uptake (Table  IV) . This result agrees with the hypothesis that sucrose was, at least in part, hydrolyzed before its uptake by the haustorium.
Furthermore, 33% of the label originating from ['4C](fructosyl)sucrose was associated with the glucose moiety after 2 h of absorption into the haustorium (Table III) , indicating that at least a portion of the absorbed sugar was cleaved. On the other hand, ["4C]glucose taken up from the incubation medium was massively converted to sucrose in the haustorium tissues after its absorption (Table III) .
Characterization of Glucose and 3-0-MeG Uptake As for amino acids (30) , the rate of glucose uptake from a 1 mm solution changed during the growth of the sporophyte; it reached 1.5 nmol h-1 sporophyte' for 2.5-cm-high sporophytes (Table V) and 5.7 nmol-h-1.sporophyte-1 for 3.5- cm-high sporophytes (Table IV) . This last value was not very different from the rate of carbon transport measured in vivo between generations (10.6 nmol equivalent hexose h-'. moss-) at the same stage of growth (Fig. 1, inset ).
Glucose and 3-0-MeG uptake in the sporophyte exhibited two phases over time: uptake approached saturation after 3.5 h for glucose and 2 h for 3-0-MeG. After that time,uptake was linear for at least several hours (Fig. 4) . On the other hand, glucose and 3-0-MeG uptake by isolated haustoria showed saturation after 6 or 8 h (Fig. 4) . Sugar concentration incubation (1 h), the sporophytes and the haustoria were rinsed in a bath (1 min) of unlabeled medium, and then the tissues were digested as described above. Each data point represents the mean of 18 sporophytes ± SE (-) or 12 sporophytes ± SE (U).
in the isolated haustorium was calculated after the haustorium volume (0.79 mm3) was estimated. After 12 h of transport, the apparent glucose concentration in the haustorium (8.08 mm) was higher than the external glucose concentration (1 mM). In the case of 3-0-MeG, the concentration in the haustorium (1.24 mM) was similar to its external concentration (1 mm). Because there was no accumulation, uptake of 3-0-MeG may be simply by diffusion.
Uptake of glucose and 3-0-MeG was weakly dependent on the external pH, with a slight increase at pH 5 (Fig. 5A) . Glucose uptake at neutral and alkaline pH was the same as at pH 4. In contrast, amino acid uptake that occurs by H+ cotransport is maximum at pH 4 and is strongly inhibited at neutral and alkaline pH (30) . The apparent sucrose uptake, much less important than glucose uptake, was more dependent on the external pH than was hexose uptake (Fig. 5B) . Sucrose uptake was maximal from pH 4 to 5, which is the optimal pH for acid invertase activity.
Uptake of glucose exhibited saturable kinetics (Fig. 6A ). Lineweaver-Burk (Fig. 6B) and Eadie-Hofstee plots showed a single phase with an apparent Km of 46.6 mm and an apparent V.,ax of 2.8 nmol min-' sporophyte-1. These data suggest that a carrier that becomes saturated at high concentrations could be involved in the uptake of glucose by the transfer cells. These results differ from those obtained on the same plant material concerning amino acid uptake (5, 30) , where the Km was much lower (about 1 mm). Uptake of 3-0-MeG was linear with concentrations up to 150 mm.
Effect of Various Effectors on Uptake
PCMBS, a nonpermeant thiol reagent, strongly inhibited glucose uptake, and 3-0-MeG uptake to a lesser extent (Table  V) . These results confirm the involvement of a carrier in glucose uptake. The protonophore CCCP and the ATPase inhibitor DES strongly inhibited glucose uptake (74.2 and 49% inhibition, respectively), but they had only a slight effect on 3-0-MeG uptake (Table V) . KCl (100 mm), which induces a dramatic decrease in the PD of transfer cells (about 100 mV) (30) , had a slight effect on glucose uptake and no effect on 3-0-MeG uptake. These results are in contrast with those concerning amino acids; uptake of glycine (5) and a-AIB (30) is strongly inhibited by 100 mi KCl (50-80%, depending on the experimental conditions and the substrate).
The effect of CCCP and DES on glucose influx may be either the result of inhibition of an active uptake process or the consequence of the inhibition of the metabolic conversion of glucose to sucrose inside the haustorium tissues. Because 3-0-MeG uptake was inhibited to a lesser extent than glucose uptake, and because uptake of the latter is weakly dependent on the transmembrane electrical gradient (slight inhibitory effect of 100 mm KCl), intracellular metabolism may be the major process driving glucose uptake.
Effect of Addition of Sugars on the PD of Transfer Cells and on the pH of the Incubation Medium
The addition of 5 mm glucose to the incubation medium induced a marginal effect on the PD of the transfer cells (no depolarization or less than 5 mV), whereas 5 mm 3-0-MeG or sucrose had no effect (data not shown). Neither sugar had any effect on the pH of the incubation medium. These results are in contrast with previous data concerning amino acid uptake (27, 30) ; 5 mm a-AIB, leucine, threonine, methionine, or glycine induced a depolarization of about 50 mV and an alkalinization of the incubation medium. The difference cannot be explained in terms of rate of uptake because the influx of 5 mm glucose (Fig. 6A ) and 5 mm a-AIB (figure 7 in ref. 30 ) are nearly the same. The addition of 50 mm sugar to the incubation medium had no effect on the PD of the transfer cells, except for glucose, which induced a slow and slight depolarization (about 25 mV) (Fig. 7) . This gradual change in the transmembrane PD is in contrast with the fast depolarization obtained with 5 mM or even 1 mm neutral amino acid (figure 3 in ref. 27 , figure 11 in ref. 30) . Furthermore, as for 5 mm sugar, this addition had no effect on the pH of the incubation medium (Fig. 7 ).
In conclusion, our results show that, in agreement with previous results concerning various bryophytes (4, 10, 17, 22) , sucrose is the main form of storage of soluble sugars in P. formosum. They also suggest that sucrose is the main form of carbon for long distance transport, which also confirms previous results (4, 29) . The results presented here demon- strate the noncontinuity of sucrose at the gametophyte/ sporophyte interface, hexoses being the main sugars found at this interface. Sucrose hydrolysis is at least in part achieved by a cell wall invertase, which is an a-glucosidase. This sucrose hydrolysis, and the subsequent reconversion to sucrose after hexose absorption into the haustorium, could help to drive hexose absorption and lead to sucrose accumulation. Furthermore, our results suggest that the proton motive force established at the plasma membrane level of transfer cells in the haustorium does not play a major role in sugar uptake, contrary to what has been found for amino acid uptake (30) . Our results support the hypothesis that this system of metabolic conversion of sugars governs sugar exchange between the gametophyte and the sporophyte of P. formosum, at least at the stage studied. This raises the question of whether or not the absence of direct competition between some organic nutrients (e.g. amino acids and sugars) in dissipating the proton motive force may also be the case at the interface between the maternal organism and embryo in angiosperms.
This subject is now under investigation.
